99m Tc-Annexin V/Thallium-201 Chloride. This study aims to investigate the efficacy of in vitro and in vitro and in vivo Tc-99m HYNIC-coupled Annexin V (TAV) in the early detection of radiation induced apoptosis, a proxy indicator of radiation therapy (RT) efficacy. In vitro Tl-201 and TAV accumulation and efflux in non-small cell lung cancer were measured post irradiation at 5 different gamma ray doses. The replication rates (RR) of the cell lines were also measured. The same non-small cell lung cancer line was inoculated into the left femur. In vivo non-invasive Tl-201 and TAV tracer biodistribution studies were performed. Cell RR decrease with increased radiation dose was observed 48 hours after irradiation. Apoptotic cell number was found to have increased in response to 9 Gy and 12 Gy radiation dose. Tl-201 accumulation in the 9 Gy and 12 Gy irradiation groups was found to be higher than the lower irradiation groups. Quick Tl-201 efflux was observed in the 9 Gy and 12 Gy irradiated cells. At 48 hours after irradiation with 9 Gy and 12 Gy, Annexin V accumulation was found to be higher than in the control and 3-6 Gy groups. In vivo mouse model confirmed the increased TAV uptake in implanted tumors for relatively high 9 Gy irradiation as compared to non-irradiated controls. TAV may prove to be an effective radiotracer for early assessment of radiation therapy efficacy, via apoptosis, in human lung cancers.
INTRODUCTION
Every year many individuals' lives are negatively impacted by lung cancer. It has been estimated that in Japan, in 2002, about 52,000 individuals died due to lung cancer 1) and according to the WHO, in 2004, about 1.3 million people died globally due to the high incidence of malignancy. Xray, computed tomography (CT) and magnetic resonance imaging (MRI) are currently used to investigate tumor morphology. 201 Thallium Chloride (Tl-201) scintigraphy is currently employed to assess cancer cell viability or therapy efficacy. Tl-201 uptake correlation with membrane potential and tumor viability has been reported in many studies. [2] [3] [4] [5] [6] However, a post therapy interval of several weeks must elapse before Tl-201 scintigraphy is clinically useful in assessing therapy efficacy. If therapy efficacy can be assessed earlier rather than several weeks into the treatment process, this may lead to earlier treatment modification and a possible increase in the patient survival rate.
In 1972, Kerr et al. 7) described apoptotic cell death. Apoptosis, or type I cell death, is the organized energy-dependent self-disassembly of unneeded or senescent cells, and is associated with both normal physiology and many diseases states including cancer. Effective radiotherapy initiates apoptosis in tumor cells. Radiation induced apoptosis may be categorized as pre-and post-mitotic according to the time of onset. 8) Detecting the early phase of radiation-induced apoptosis may be important for the timely prediction of response to treatment as well as for early modification of patientspecific treatment strategies. An early apoptosis event is the externalization of phosphatidylserine (PS) from the inner surface to the outer surface of the plasma membrane. The externalization of PS occurs earlier than membrane bleb formation and DNA degradation. Redistribution of PS facilitates early detection of apoptosis; an enzymatic-energy dependent system maintains physiological PS integrity in the cell membrane. Annexin V, a human endogenous protein has a high affinity to bind with externalized PS. [9] [10] [11] [12] [13] Annexin V can thus be used to detect apoptotic cells in carcinoma, lymphomas, endothelial cells and platelets. 14, 15) Recently, Annexin V has been used in clinical studies to measure the efficacy of cancer treatment. [16] [17] [18] [19] The present study compared the efficacy of in vitro Tl-201 accumulation and efflux with the in vitro and in vivo Tc-99m labeled HYNIC-Annexin V (HYNIC-hydrazino-nicotinamide) (TAV) accumulation and efflux for the early detection, in a lung cancer cell line, of the irradiation induced decrease in cell viability and increase in apoptosis.
MATERIALS AND METHODS

Cell line and tracers
Human non-small lung cancer cells (H1299) transfected with the wtp53 gene (H1299/wtp53) were used for this study. Tl-201 and TAV were used to assay cell viability and to investigate the Annexin V binding with phosphatidylserine (PS) after radiotherapy, respectively.
Cell culture and irradiation
H1299 cells were cultured at 37°C in a conventional humidified 5% CO2 incubator. The cells were grown in Dulbecco's Modified Eagle Medium (DMEM) containing 10% (v/v) fetal bovine serum, streptomycin (50 μg/ml) and Geneticin (G418) 200 μg/ml. The cells in suspension were irradiated before cell seeding with Cesium-137 γ-ray irradiation apparatus (Nordion International Inc., Gammacell 40 Exactor) at room temperature with a central dose rate of 0.84 Gy/min. Five categories according to the radiation dose were 0 Gy (control group), 3 Gy (3Gy group), 6 Gy (6 Gy group), 9 Gy (9 Gy group), and 12 Gy (12 Gy group). After irradiation the cells were incubated for 24 and 48 hours in tissue culture flasks according to the above described method. For vitro experiment cells were trypsinized, centrifuged, re-suspend in fresh medium after 24 h and 48 h at a concentration of 1.0 -2.0 × 10 6 cells/ml.
Preparation of Tl-201 and TAV
Tl-201 was delivered from Fuji Film R.I. Pharma Co., Ltd. To couple Annexin V to 99m Tc, a stannous tricine complex vial was dissolved with 3 ml normal saline, then 0.5 ml HYNIC-rh-Annexin V and dissolved stannous tricine complex 0.3 ml were added into a 99m Tc vial (0.5 ml). The mixture was left standing for 30 minutes at room temperature to allow the reaction to complete. After 30 minutes 1.7 ml more normal saline was added into the 99m Tc-HYNIC-rhAnnexin V solution diluting to a usable concentration. Radiochemical purity (95-97%) and specific activity were determined with instant thin layer chromatography using 0.9% saline solution.
TUNEL assay
Apoptosis was assessed by in situ end-labelling of DNA fragments (TdT-mediated dUTP-biotin nick end labelling, TUNEL) using a commercially available kit (Roche Applied Science). The suspended cells were fixed in 10% formaldehyde for 24 hours, centrifuged, paraffin-embedded and cut into 3-μm thick sections which were subsequently mounted on slides, then stained with TUNEL for microscopic analysis. The mean number of apoptotic cells was calculated from 10 randomly selected high-power fields.
Effect of radiation on cells mitosis/cells replication
After the incubation period H1299 cells were counted before and after gamma irradiation in each group. A simple method was used to determine the replication for each category pair: replication rate = cell number post irradiation after 24 h or 48 h incubation/cell number pre irradiation. Comparative replication rates were determined between the five irradiation groups.
Accumulation and efflux of Tl-201 and TAV
For accumulation studies, cells in the control and irradiated groups, after the end of the incubation period were trypsinized, suspended in 7.0 ml complete medium at a concentration of 1.0 -2.0 × 10 6 cells/ml. The cell suspensions were incubated at 37°C in a stirred water bath. Samples (300 μl) were obtained in duplicate at 1, 15, 30, 45, 60, and 90 min after adding 100 μl Tl-201 or TAV and transferred to 1.5 ml micro-centrifuge tubes containing 1 ml ice cold saline. These samples were then centrifuged at 14,000 rpm for 2 min to produce cell pellets, the supernatant was aspirated and the remaining pellets were carefully washed with 0.5-1.0 ml ice cold saline to remove remaining unbound Tl-201 or TAV. For efflux studies the remaining suspension was centrifuged, the old medium removed, and the cells resuspended in the same volume of fresh medium not containing Tl-201 or TAV. 300 μl samples were added in 1.5 ml micro-centrifuge tubes containing 1.0 ml ice cold saline at 1, 10 and 30 min after resuspension in fresh medium. Radioactivities of all the samples were counted with an automatic gamma counter (WIZARD TM 3" 1480 automatic gamma counter, Perkin Elmer, Life Science). The accumulation ratios (Cin/Cout) were calculated as the ratio of radioactivity concentration inside the cell to that found in the supernatant. 20) Biodistribution studies Approximately 5.0 million human non-small lung cancer cells from the same line (H1299) were inoculated into an ICR nu/nu mouse left femur region and grown for two weeks to develop a solid tumor. Two such mice were prepared as irradiation-free controls and two were prepared for irradiation. The same apparatus (Nordion International Inc., Gammacell 40 Exactor) was used for whole body irradiation of the mice. At 48 hours after 9 Gy irradiation, 37 MBq of TAV was injected into the tail veins of both the irradiated and control mice TAV accumulation, in the left and right femurs, was measured (counts/mm 2 ) with a gamma camera (710, Toshiba, Tokyo, Japan) using same dimensions ROIs to construct time activity curves.
Statistical analysis
All experiments were performed in duplicate on three to five separate occasions. Data are shown as mean +/-standard deviation. Differences in the tracer accumulation at 30, 45, 60, 90 minutes and efflux rate at 10 and 30 minutes were analyzed for statistical significance. Differences between unpaired samples were compared using the Mann-Whitney U test and differences between paired samples were compared using the Wilcoxon's rank sum test. A p value of less than 0.05 was considered statistically significant.
RESULTS
The relationship between cell replication rate and irradiation dose
The cell replication rates were found to decrease for high radiation doses at 48 h after irradiation. The growth rates for the 0 Gy, 3 Gy, and 6 Gy groups were significantly higher than those of the 9 Gy and 12 Gy groups at 48 h after irradiation (p < 0.05) (Fig. 1) . However, at only 24 h after irradiation no statistically significant-differences were observed between the irradiated groups (data not shown).
Accumulation and efflux study of Tl201
Tl-201 accumulation was observed in all groups (control and irradiated groups) at 48 h after irradiation (Fig. 2) . The Tl-201 accumulation to the cell in 9 Gy group and 12 Gy Fig. 1 . Replication Rate at 48 hours after irradiation is lower in 9 and 12 Gy group whereas control, 3 Gy, and 6 Gy group show high frequency of RR. group are significantly higher than in the control group. The 12 Gy group exhibited the highest Tl-201 accumulation at 48 h after irradiation and at 60 min after exposure to Tl-201. Significant increase in accumulation of Tl-201 was not observed in any irradiated groups compared with the control group at 24 h after irradiation (data not shown). Smooth efflux was observed in the 9 Gy and 12 Gy groups (45.6%, 59.4%) at 10 minutes. Compared to these groups, the efflux of the control group or the 3 Gy and 6 Gy groups was notably smaller (Fig. 3) .
Accumulation and Efflux study of TAV
TAV accumulation was observed in all groups at 48 h after irradiation (Fig. 4) . TAV accumulation was found to increase gradually with increasing cell contact time (1-90 min) for all groups. In the 9 Gy and 12 Gy groups TAV accumulations were significantly higher than that of the control group. The 12 Gy group exhibited the highest TAV accumulation at 48 h after irradiation and 90 min after exposure to TAV. The TAV efflux rate at 48 h after irradiation was low and no significant efflux was observed in the control group or in any irradiated groups (Fig. 5) . A significant increase in TAV accumulation was not observed in any groups at 24 h after irradiation. Annexin V wash-out was also negligible in both the control group and all irradiated groups (data not shown). Compared with the Tl-201 study, the accumulation pattern of TAV is very similar to that of Tl-201 across all groups. However, although Tl-201 efflux was found to be quite rapid, especially in the 9 Gy and 12 Gy groups, significant TAV efflux was not observed in any of the groups.
TUNEL assay
The paraffin embedded cultured cell samples were stained for apoptosis analysis by TUNEL assay and studied under a light microscope. TUNEL stained positive cells demonstrated brown staining of the cell (Fig. 6) . TUNEL assay was negative in the control group and positive in the irradiated cell groups at 48 h after irradiation.
TUNEL-positive cell counts were low in the control and increased as the dose increased from 3 to 12 Gy (Table 1) .
Biodistribution studies
TAV accumulation in the 9 Gy irradiated mice was found to be between three to four times higher than that of control mice (Fig. 7) . The TAV time activity curves of the in vivo control and the 9 Gy irradiated mice tumor lesions exhibited a similar pattern to those of the in vitro study (Fig. 8) .
DISCUSSION
Tl-201 is used for the clinical evaluation of chemotherapy and radiation therapy efficacy and is also used to evaluate the physiological activity of inflammatory lesions such as interstitial pneumonia or pulmonary tuberculosis (PTB). 21, 22) It is not known whether or not Tl-201 scintigraphy can detect the early effects of irradiation such as apoptosis. Accumulation of Tl-201 in cancer and PTB is due to the increased activity of (Na-K)-ATPase pumps. [2] [3] [4] It has been reported in several studies that Tl-201 uptake is correlated with membrane potential and tumor viability. 5, 6) In the present study, our expectation was that lower cell viability due to irradiation, as evidenced by the decreased cell replication rate (RR), would result in lower Tl-201 accumulation and accelerated Tl-201 washout. However, what we found in vitro was that while Tl-201 washout indeed accelerated postirradiation, Tl-201 accumulation in the cells increased. We note that 9 Gy or 12 Gy irradiation result in the lowest RR; lower than any other irradiation dose or control. This result is, in our view, evidence that Tl-201 is not an appropriate imaging agent to use to assess the early effects of irradiation in cells as the effects of irradiation on the Na-K ATP-ase transport system appear to be complex and currently are not well understood. In addition, it has been reported that Tl-201 scintigraphy assessment of lung cancer treatment efficacy may be confounded by inflammatory lesions such as those that may be present in pulmonary tuberculosis (PTB).
In vitro Tc-99m HYNIC-coupled Annexin V (TAV) accumulation after 9 Gy or 12 Gy irradiation was, as with Tl-201, found to be the highest; higher than any other irradiation dose or control. Annexin V is endogenous protein with a high affinity for membrane expressed phosphatidylserine (PS). Annexin V binds to PS at the outer surface of the cell membrane. When a cell undergoes apoptosis, PS is no longer restricted to the inner cytosolic part of the membrane, but becomes exposed on the outer surface of the cell. There are no reports of TAV transport into the cell, either with or without irradiation. Our TAV efflux data with no observed efflux demonstrates that TAV binds to PS when PS is externalized. Thus a high level of TAV binding to irradiated cells should be a good measure of apoptosis in such cells. We found that for lower cell viability due to irradiation leading to apoptosis, early accumulation of TAV, presumably due to the high binding affinity of to PS in the cell membrane, was increased. Thus, we propose that TAV accumulation is more sensitive than Tl-201 in the detection of early effects due to irradiation. In vivo mouse model time activity curves generated by the planar scintigraphic imaging ROIs showed distinctly increased TAV uptake in implanted non-small lung cells tumors for relatively high 9 Gy irradiation as compared to non-irradiated controls at 48 hours after irradiation. Several previous studies were found to be correlated with both the in vitro and in vivo parts of this study. Watanabe et al. performed 125 I-Annexin V in vivo imaging and reported peak apoptosis in ependymoblastoma 6 h after 5 Gy dose irradiation. This group also reported an increase in apoptosis with increasing radiation dose up to 5 Gy; no significant apoptosis increase was observed for higher radiation doses above 5 Gy. 23) In this study, it was also observed, both in vivo and in vitro, that apoptosis and radioisotopes accumulation is similarly correlated with radiation dose and time elapsed after irradiation. Ependymoblastoma exhibited a more rapid response to a relatively lower radiation dose in less elapsed time after irradiation. To account for this difference we hypothesize that human non-small lung cancer cells (H1299) are less sensitive to radiation than ependymoblastoma. Our in vivo TAV findings are similar to those reported by Guo et al. 24) who found that the amount of apoptosis was correlated with the radiation dose (2-8 Gy) in EL4 (lymphoma) after a single irradiation and that TAV accumulation was also correlated with radiation dose. While this group also reported apoptosis and radio-labeled Annexin V accumulation in control cells, they found that irradiation increased apoptosis along with radio-labeled Annexin V accumulation 2 times and 5 times more than observed in the control group after irradiation with 2 Gy and 8 Gy doses, respectively. The sensitivity to radiation and elapsed time for apoptosis after radiation are different from cell line to cell line. Mareková et al. have reported that the percentage of apoptosis was higher at 48 h than 24 h after irradiation in human leukemia cells (HL-60). 25) Our cell line (H1299) also exhibited a similar elapsed time for apoptosis as well as TAV accumulation was higher at 48 h than 24 h. Several possible limitations of TAV study have been reported previously. Ohtsuki et al. 26) suggested that TAV binds with both apoptotic and necrotic cells, and also reported that, in the late phase of apoptosis, when membrane integrity lost TAV uptake was highest. In necrotic cells PS of the inner cell membrane can bind with TAV thus TAV accumulation can be changed from its original value. However, we note that in the in vitro part of our study, necrotic and/or dead cells floating in the suspension medium had been washed out and removed by trypsinization. Therefore, TAV accumulation did not increase by necrosis in vitro. In vivo apoptotic cells are engulfed by phagocytosis and broken down in the late stage of apoptosis, which may confound in vivo imaging. Although this effect was not apparent in the in vivo mouse imaging part of our study, it should probably still be considered and a sufficiently short cell-line dependent fixed imaging time after irradiation should be selected. 27) A number of assays are available to detect the effects of radiation on cells in vitro and in vivo. These include in vitro TAV gamma counting assay, in vivo TAV imaging, Tc-MIBI and TI-201 assays, etc. [27] [28] [29] [30] TUNEL and caspase activity assays are also employed to detect apoptosis; the TUNEL assay detects DNA fragmentation in late state apoptosis and is considered a hallmark indicator. 10) Early TUNEL assays were positive in the irradiated groups in the in vitro part of our study thus demonstrating the effect of irradiation in inducing apoptosis. The Tl-201 retention index is currently one of the functional imaging methods, along with more recently developed FDG-PET, used to distinguish malignant tumor from benign tumor and inflammatory diseases in vivo. FDG-PET is currently employed clinically to assess the efficacy of radiation therapy. However, TAV may be a viable cost-effective, generator rather cyclotron produced, alternative with relative ease of use.
